Abstract. We explore constraints on multipartite dark matter (DM) framework composed of singlet scalar DM interacting with the Standard Model (SM) through Higgs portal coupling. We compute relic density and direct search constraints including the updated LUX bound for two component scenario with non-zero interactions between two DM components in Z 2 × Z 2 framework in comparison with the one having O(2) symmetry. We point out availability of a significantly large region of parameter space of such a multipartite model with DM-DM interactions.
Introduction
Dark matter (DM) is postulated to form a significant part of the universe. Evidences have come from different astrophysical and cosmological observations such as from the motion of stars in galaxies [1] , the motion of galaxies in clusters [2] [3] [4] , structure formation [5] and the inhomogeneities in the CMBR [6, 7] . However, DM hasn't been discovered yet; although theoretical attempts have been made to accommodate DM in different extensions of the Standard Model (SM).
We consider one of the simplest possibilities of DM models in this note and a comparative analysis is made to understand the distinction between single and multicomponent nature of DM through self interactions.
A SM gauge singlet real scalar which is odd under a Z 2 symmetry, while the SM is even under Z 2 , provides with a simplest dark matter candidate which has portal interactions through the SM Higgs. This model has been studied extensively for its simplicity and predictability [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This model is also known to reduce the fine-tuning problem SM Higgs is plagued with [21] . One can accommodate as many of them as possible to extend to a multicomponent DM framework. The model can inherently carry a O(N ) symmetry for N components on top of the individual Z 2 symmetry, which however makes all the DMs having equal masses and same coupling strength to SM [22] . This particular feature restricts the model not to have non-zero interaction between different DM species, although such terms are present in the scalar potential. Hence, it results in no alternation to the thermal freeze out of each DM component compared to the single component scenario. The departure in allowed parameter space from the singlet scalar DM framework to such a multipartite framework is significant subject to the number of DM components, however equally restrictive. On the contrary, if one ignores the O(N ) symmetry the masses of different DM components and their interactions with the SM can be set to be different from each other. Further, the absence of O(N ) symmetry leads to non-zero interactions between the DM components. We study such interacting multipartite scalar DM scenario, specifically for two component case. Generalisation to three or more components is straight forward, but not discussed in this report. We demonstrate the case when there are two distinct Z 2 symmetry on each of the components and call that a model under Z 2 × Z 2 . It is important to note that when we have two DM scalar singlets odd under same Z 2 , i.e. a framework with Z 2 × Z 2 , there is inevitably one DM component, lighter of the two; the heavier one will decay to the lighter one at tree level or through loop generated process, depending on the mass splitting between the components.
Although the models have been discussed earlier [23] [24] [25] [26] , we perform a systematic comparative analysis of the DM-allowed parameter space of the two-component framework. We explore the viability of Z 2 × Z 2 model for relic abundance constraints from WMAP [6] , PLANCK [7] data, and direct detection constraint from XENON [27, 28] , LUX [29] as well as from updated LUX bound [30] . We specifically indicate that direct search constraints can be shown to be somewhat relaxed in presence of DM-DM interactions in multicomponent framework, allowing the DM components to be delayed till XENON1T limit.
The paper is organised as follows. We discuss the singlet scalar single and multicomponent DM frameworks in Sec. 2. Thermal freeze out and corresponding Boltzmann Equations are discussed in Sec. 3. Parameter space scan on relic density of Z 2 × Z 2 framework is discussed in Sec. 4 and approximate analytical solution of such a case is discussed in Sec. 5. Direct search constraints are discussed next in Sec. 6. Finally we conclude.
Models for the Singlet Scalar DM

Single Component framework
Let us first review the DM model with a real singlet scalar φ [8] . The interaction with the SM can be written in general of the form
Here O SM is gauge invariant operator composed of the SM fields, whereas O DM are those involving the DM fields. Λ is the new physics scale in effective theory formalism, whose power is determined by the dimension of the operator product, n. Since we are interested in renormalisable interaction terms, we consider only operators with n ≤ 4. Stability of the DM is achieved through imposing a Z 2 symmetry, under which φ is specified to be odd with other fields are taken to be even. This necessitates φ to appear in even powers in the operators. Thus, the scalar potential, including the DM φ interacts with the SM through the Higgs portal term reads as [31, 32] V (H, φ) = −µ
where λ 1 parametrizes the 'Higgs-portal' interaction discussed above, with H denoting the SM Higgs isodoublet. The Lagrangian density for the scalar sector is then given by:
where D µ is the covariant derivative related to the SM gauge symmetry. Electroweak symmetry breaking (EWSB) occurs via non-zero vacuum expectation value of the Higgs doublet H = (0, v/ √ 2) T , with v = 246 GeV. On the other hand, unbroken Z 2 symmetry requires µ 2 φ > 0, ensuring φ = 0, which yields DM mass term m 2 φ = µ 2 φ +
In order to stabilize the vacuum we require that the scalar potential in eq. (2.1) is bounded from below. At the tree level it implies the following conditions [33, 34] 
Tree-level unitarity constraints imply [35] λ φ < 8π, |λ 1 | < 4π .
(2.4)
Finally, the condition that the global Z 2 symmetry remains unbroken requires µ 2 φ > 0, which leads to m 2 φ > λ 1 v 2 /2. DM relic density and direct search constraints are relevant for this model in a two dimensional parameter space denoted by the DM mass and the Higgs-portal coupling as {m φ , λ 1 } .
(2.5)
The phenomenology and the allowed parameter space for such a model has been discussed by many authors [9] [10] [11] [12] [13] [14] . In this report we shall limit our discussion in citing some of the important outcomes of this model in the comparative analysis with two component interacting DM frameworks that we analyse shortly in details.
Multipartite framework with O(N ) symmetry
Simplest extension of a single component scalar DM framework to a multipartite case is obtained by assuming N (≥ 2) such components of DM having same mass and coupling to the SM, replacing φ in above section by φ ≡ {φ 1 , φ 2 , φ 3 ...φ N }, (2.6) so that the scalar potential reads [22] :
Note here that the presence of an unbroken O(N ) symmetry in the Lagrangian implies the same couplings µ φ , λ φ and λ 1 for all the DM components. This makes sure that each of the DM acquires same mass after EWSB as m 2
2 and of course have same coupling to SM sector, λ 1 . The term φ 2 2 in Eq. 2.7 although indicate the presence of interaction vertices between different DM components, the fact that all the DM components acquire same mass, yields effectively zero DM-DM interaction cross-section and thus drastically reduces the phenomenological possibilities of this model. This multipartite DM framework has been discussed in great details in [22] and we will refer to some of its important features in the following comparative analysis. It should be noted here that on top of the O(N ), a separate Z 2 symmetry has to be imparted to each of the DM components for their stability so that
Vacuum stability of the potential dictates similar constraints as that of the single component case on the dimensionless couplings introduced here. This model has then three parameters as
where the cross-sections are essentially governed by the same DM mass and coupling. The third parameter, N is the number of DMs considered in the model, which crucially changes the outcome, as we will see later. However it must be pointed out that, O(N ) symmetry is not a necessary requirement for the components to be DM candidates. In the following, we shall explore some of the possibilities when the O(N ) is not respected. 
Here the mass of the DM candidates are m 2
2 ). In the absence of O(2) symmetry, the parameters λ i and µ 2 i are not necessarily the same for different fields, leading to possible mass splittings between different DM components. Presence of the mutual interaction coupling, λ 3 , which is absent in the scenario with O(2) symmetry, along with the mass splitting could have dramatic effects, resulting in clearly distinguishable features. The main focus of this work is to highlight these features, which we shall do in the following sections in detail.
The relevant DM phenomenology of such a two-component framework is mainly dictated by the five parameters:
The parameter λ 3 solely determines the direct interaction between the two DM components.
As we shall demonstrate, presence of non-zero value of λ 3 marks a significant departure in the allowed DM parameter space in terms of relic density and direct search constraints. It is straightforward to extend such a model to multipartite framework by considering n such DM components {φ 1 , φ 2 , ...φ n } stabilised by Z
symmetry, which involves (n + n + n C 2 ) parameters over and above the SM parameters. In line with Eq. 2.15 these parameters could be considered to be the masses and couplings denoted as 16) where λ i denote the interactions of φ i to the SM Higgs, whereas λ ij denotes the direct interaction between the DM components φ i and φ j . Such a multi-component system with a large number of independent parameters is hard to analyse in a meaningful way, without further assumptions. However, all the essential features of such a scenario could be captured by a two-component case, and we shall limit ourselves to discuss the case of the two-component DM case in this work.
Thermal freeze out and Boltzmann Equations
Our goal in this section is to determine the thermal freeze out of the DM components. We start with formulating the Boltzmann equations (BEQ) that govern cosmological evolution of the scalar singlets (φ) DM in a single component framework. The BEQ for the single component framework reads [36] :
where n φ denote the number density of φ, n EQ φ the corresponding equilibrium density,ṅ φ is the time derivative of the number density, M i→f is the amplitude for the process i → f , including the spin average and symmetry factors, H denotes the Hubble parameter and ζ φ indicates the internal degrees of freedom associated to the particular DM species and for singlet scalar, we have ζ φ = 1. A phase space densityf φ and an equilibrium densityf EQ φ are related to corresponding number densities as follows: 
To simplify BEQs we will use the thermally averaged cross section σ ab→cd v , defined as [9, 36, 37] :
where in the last line we recast the thermal average cross-section in terms of the Mandelstam variable s = (E a + E b ) 2 in the c.o.m frame, K 1,2 represent first and second Bessel functions in terms of appropriate variables and T is the temperature of the universe. The threshold s required is s 0 = (m a + m b ) 2 for the reactions to occur. Assuming kinetic equilibrium of DM with SM fields and neglecting possible effects of quantum statistics the BEQ for the single-component case simplify [36] :
The diagrams contributing to φ i φ i annihilation to SM particles are shown in Fig. 1 . Dominant annihilation cross-section is obtained to gauge boson final states while the one to light fermions are small due to small Yukawa couplings. The corresponding cross sections are available in the literature (e.g. [11, 15] ). In a single component framework, there is no scope for DM-DM interaction. While we move on to two-component framework, DM-DM interaction plays a crucial role and possible diagrams are shown in the Fig. 2 .
We now argue that in case of scalar DM interactions, instead of using the whole expression of thermal average cross-section σv in BEQ, as in Eq. 3.3, we can use (σv) at threshold
where dQ is the phase space differential and |M| 2 is the matrix element square averaged and m a,b are the masses of annihilating particles. This essentially corresponds to the so called s− wave contribution to annihilation cross-section and in presence of this term, the v 2 dependent terms (p wave, for example) can be neglected. We will show that (σv) ab→cd is almost the same as to the thermal averaged σv ab→cd even at low x = m T . The advantage of using (σv) ab→cd is the absence of temperature dependence in it, which helps solving the BEQs relatively easier; particularly in case of coupled BEQ which we need for the DM analysis of the model. Hence, we rewrite the DM annihilation cross-sections to SM in terms of (σv) adopting Eq. 3.5 as follows [11, 15] :
Left: Comparison of (σv) φ1φ1→SM (red thick line) as in Eq. 3.7 with thermal average cross-section σv φ1φ1→SM as in Eq. 3.3.
σv is evaluated at x = 
where √ s is the centre-of-mass energy and Γ h [12] denotes Higgs decay width at resonance. N c = 3 is the colour factor for quarks, for leptons it is unity. Similarly annihilation cross-sections for the second component: (σv) φ 2 φ 2 →SM can be written replacing λ 1 by λ 2 in Eq. 3.6. In Fig. 3 , we show that the (σv) φ 1 φ 1 →SM (as in Eq. 3.6) in red thick line, closely mimics the thermal average annihilation cross-section σv φ 1 φ 1 →SM (as in Eq. 3.3). In the left panel of For other values of λ 1 , the behaviour remains the same. In the expressions of (σv) φ 1 φ 1 →SM as in Eq. 3.6, we have used threshold value of s = s 0 = 4m 2 φ 1 . We will use it throughout the analysis and even if not explicit, we will mean
For Z 2 × Z 2 model, the interaction between DM components (φ 1 φ 1 → φ 2 φ 2 ) are governed by the diagrams in Fig. 2 .
In absence of the contact interaction (first diagram in the top panel of Fig. 2 ), i.e. λ 3 → 0, the expression simplifies to:
We would like to mention here that in O(2) model, the DM-DM interactions as in Fig. 2 , are all present, but the contribution is identically zero with masses of the two DM components identical. For m φ 2 > m φ 1 , we similarly obtain (σv) φ 2 φ 2 →φ 1 φ 1 . A detailed com- parison of DM annihilation to SM with DM-DM interaction will be performed in the next section. In Fig. 4 , we demonstrate the comparison of (σv) φ 1 φ 1 →φ 2 φ 2 (red line) to the thermally averaged DM-DM interactions σv φ 1 φ 1 →φ 2 φ 2 for two different choices of x = It is already understood that the thermal average cross-section inherently poses a temperature dependence, which is explicitly demonstrated in Fig. 5 . Here we show the variation in σv φ 1 φ 1 →SM with respect to temperature T for single component case in the left panel and σv φ 1 φ 1 →φ 2 φ 2 for the two component case in the right panel. We can see that the temperature dependence is more for small x or large T regions, although the variation is limited within an order of magnitude. For the two component case, we deliberately choose the masses of the DMs close to each other as the temperature dependence is more sensitive for such a scenario. However, we clearly see that for x > 5, the annihilation cross-sections are almost independent of T and we can safely use (σv) for this model.
Let us now turn to the coupled BEQs that govern the two component DM freeze out. We will recast the BEQs in terms of yield Y = n φ i s so as to indicate the number density in comoving volume, where n φ i is the number density of φ i and s is the entropy density of the universe given by [36] 
here k runs over all particles, T k is the temperature of particle k and g k its number of internal degrees of freedom, and r k = 1 (7/8) when k is a bosons (fermion). The BEQs can be written as a function of temperature (T ) or in terms of x = m T where m is the mass of the DM particle. However, using x as a common variable for two-component case is problematic as mass m here represents two different variables (m φ 1 , m φ 2 ) for two DM species. Hence, one way to obtain a common variable is to introduce a reduced mass µ for the two component DM system and define x with respect to reduced mass as x = µ T where
. In terms of reduced x the BEQs read [40, 41] :
where the equilibrium distributions now recast in terms of µ has the form
In above equations,
GeV and g * = 106.7 [36] . One should note additional contributions due to DM-DM conversions in the coupled Eqs. 3.11. Depending on the mass hierarchy, one of 11 → 22 or 22 → 11 will contribute. We have used Θ functions appropriately to illustrate that fact. In the following analysis, we will demonstrate that in certain regions of the multipartite DM parameter space, DM-DM interaction is large enough to claim an alternation in DM freeze out and hence in relic density.
Even further simplification occurs to the coupled BEQ by pulling out the large numerical factors from Y i (i = 1, 2) in terms of modified y i as
In terms of y i the BEQs for Z 2 × Z 2 model:
We solve the coupled equations in Eq. 3.14 numerically (as we will argue that solving the equations analytically is much harder) to find out the freeze out of the DM components and hence compute relic density of the DM species by [42] [43] [44] ]
x ∞ indicates the value of y 1 evaluated at
x ∞ , where x ∞ indicates a very large value of x after decoupling. In numerical analysis, x ∼ 100 is good enough to indicate freeze out of scalar DM in such a model while we choose x = 500 to be on the safe side. We will demonstrate freeze out of the DM components in the next section in different regions of parameter space to validate above claim. Also note here that the solution of the coupled BEQ yields y i as a function of x = µ T , while relic density of individual components should be expressed in terms of
Multipartite DM framework with O(N ) symmetry predicts degenerate DM scenario and hence do not yield non-zero DM-DM interactions as has already been stated. Hence, the BEQ mimics as single component BEQ as in Eq. 3.4. The annihilation cross-sections also remain exactly the same although relic density in such a case is simply scaled by the number of DM components (N ) all of which interact to SM in a similar way [22] :
Ω i is the relic density of an individual components φ i given approximately by the inverse of annihilation cross-section of φ i to SM as
In literature coupled BEQ for multi-partite scalar singlet DM have been mentioned in many cases [22] [23] [24] , however an elaborate scan of the available parameter space has not been performed with DM-DM interactions kept on. In the following, we take up a systematic analysis of the two component DM scenario in Z 2 ×Z 2 model to find out accessible parameter space by relic density and direct search constraints and indicate possible distinctive features of having DM-DM interactions.
4 Relic Density Analysis in Z 2 × Z 2 model Our goal of this part of the analysis is to find the available parameter space of the two component DM framework in Z 2 × Z 2 model from relic density constraint as well as indicate the departure in freeze-out due to interactions between two DM components. Multicomponent DM freeze-out is dependent on annihilations to SM and on the conversions between DM components. Annihilation cross-sections to SM for scalar singlet DM with Higgs portal coupling is well studied and understood, as pointed out in Eq. 3.6 and shown in Fig. 6 . We demonstrate the annihilation φ 1 φ 1 → SM as a function of m φ 1 in the top panel of In Fig. 7 , the DM conversion is shown as a function of m φ 1 keeping m φ 2 fixed at 100 GeV (left) and 300 GeV (right). When m φ 1 < m φ 2 , φ 2 φ 2 → φ 1 φ 1 is present and it dies when m φ 1 ∼ m φ 2 . When m φ 1 > m φ 2 , φ 1 φ 1 → φ 2 φ 2 process start contributing; the cross-section decreases with larger DM mass followed from the expressions in Eq. 3.8. A change in DM freeze out is possible when DM-DM interactions are of the same order as to the annihilations to SM. A comparison is illustrated in Fig. 8 , where both the processes, annihilations to SM and DM-DM interactions are plotted together as a function of m φ 1 in the limit of zero contact interaction, λ 3 = 0. The other DM mass is kept fixed, m φ 2 = 80 GeV (left) and 300 GeV (right) of Fig. 8 . We choose λ 2 = 0.1 and three different choices of λ 1 = {0.01, 0.1, 1.0} (red, blue and green respectively) for illustration. Fig. 8 shows that for small m φ 2 = 80 GeV (left), DM-DM interaction is of the same order as with the annihilations to SM with λ 3 = 0 particularly for low m φ 1 . When m φ 2 is larger, for example, 300 GeV (right), DM conversion cross-section gets smaller than annihilations to SM as expected (see Fig. 7 for example).
In Fig. 9 , we show a comparison for all the relevant cross-sections in presence of nonzero λ 3 . In the left panel, we choose small non-zero λ 3 = 0.01 and show that DM-DM interaction remains the same as λ 3 = 0 case, as both blue and green solid (λ 3 = 0) and dashed (λ 3 = 0.01) lines almost superpose on top of each other. We choose a small value of m φ 2 = 50 GeV for illustrating this case. The cross-sections are varied as a function of coincides with the resonance peak for φ 1 φ 1 → SM annihilations as shown in red. Only at a larger m φ 1 > 100 GeV, small λ 3 starts showing up and the blue dashed curve separates out from the solid one in the left panel of Fig. 9 . In the right panel of Fig. 9 , the case for a moderately large DM contact interaction λ 3 = 1.2 has been depicted. This shows a sizeable difference in DM-DM interaction (see blue and green dashed and solid lines well separated) as expected. It is trivial to note that φ 2 φ 2 → SM remains constant with constant m φ 2 , λ 2 shown by orange line in both Fig. 8 and in Fig. 9 . These together imply that a non-zero but moderate choice of λ 3 will alter the total annihilation cross-section of DM components and hence affect the freeze out and relic density of DM.
It is clear from Eq. 3.6 that annihilations φ 1 φ 1 → SM is a quadratic function of λ 1 . DM conversion φ 1 φ 1 → φ 2 φ 2 are although dominantly quadratic function of λ 1 , λ 2 and λ 3 , there is an interference term proportional to λ 1 λ 2 λ 3 as can be seen from Eq. 3.8. However this interference term plays a crucial role when we choose any of those couplings negative. We do not analyse negative couplings in this report to be on the safe for vacuum stability of the potential (see Eq. 2.13). Cross-sections as a function of λ 3 and λ 1 are presented in Fig. 10 and Fig. 11 respectively. In left panel of Fig. 11 , for both λ 3 = 0 and λ 3 = 0, (σv) φ 1 φ 1 →φ 2 φ 2 changes similarly with λ 1 as the chosen value of λ 3 = 0.01 is very small and contact interaction term does not contribute much. However, on the right panel, we have instead chosen λ 3 = 1.0 (blue dashed line) and DM-DM interaction cross section do not change much with the change in λ 1 as the contact interaction term dominates over the Higgs mediated channel. This is also due to the fact that the terms proportional to λ 2 1 , or λ 1 , have suppression from 1/(4m 2 φ 1 − m 2 h ) 2 , which the term proportional to λ 2 3 do not contain (see Eq. 3.8). Hence a non-zero and large λ 3 yields a dominant contribution to DM-DM conversion, making it a slow function of λ 1 .
Let us now turn to freeze out of the DM components due to the combined effect of annihilation and DM conversions processes in Z 2 × Z 2 model governed by Eq. 3.14. We show in Fig. 12 four different regions of parameter space where the decoupling of φ 1 and φ 2 has been indicated in red and blue lines from equilibrium distribution (black dashed line). We have chosen the case of m φ 1 > m φ 2 for illustration. We classify three possibilities :
• DM-DM interaction with λ 3 = 0 (Indicated by solid lines) ,
• DM-DM interaction with λ 3 = 0 (Indicated by dotted lines) .
The plots in Fig. 12 are shown in y − x plane (see Eq. 3.14). One of the crucial features that is observed for φ 1 decoupling is as follows: dashed red lines appear on top and dotted red lines appear at the bottom with solid lines in the middle. This indicates the yield y for φ 1 DM and therefore the relic density is larger for the dashed line, smaller for the solid line and smallest for the dotted ones. One can correlate this feature as the dotted ones have largest annihilation contributions through DM-DM interactions with λ 3 = 0, the freeze out is delayed compared to solid and dashed lines. For the heavier component (φ 1 here), we can appreciate the fact by simply assuming
which we will explicitly demonstrate in the approximate analytic solutions in Sec 5. On the other hand, for φ 2 , indicated in blue, dashed, solid and dotted lines have different freeze-out sequence. As φ 1 φ 1 → φ 2 φ 2 is the only possibility with m φ 1 > m φ 2 , φ 2 is produced from φ 1 . Hence, for φ 2 , the case without DM-DM interaction, shown in dashed line appears at the bottom with lowest yield, while dotted and solid lines yield larger DM density. The splitting between the dashed, solid and dotted lines depend on the strength of the couplings and also on the DM masses as can be observed for different parameter space regions in Fig. 12 . For example, we see that with small λ 3 ∼ 0.01, the thick and the dotted lines are close enough (top left in Fig. 12 ). Also, one can see that with small λ 2 = 0.01 (bottom right), where the annihilations of φ 2 φ 2 → SM is very tiny, all the blue lines (dashed, solid, dotted) marge together as DM conversion play little role in decoupling of φ 2 , which is dominantly controlled by small interactions to SM yielding an early freeze out and large density. Also, with m φ 1 > m φ 2 , the annihilation cross-section for φ 1 is smaller compared to φ 2 due to the inverse mass square dependence, yielding an early freeze-out and hence a larger density for φ 1 . This is what is observed in two of the cases in upper panel of Fig. 12 . In bottom left panel, λ 1 , λ 2 are kept same with large λ 3 . This clearly shows that due to DM-DM conversion the φ 1 freeze out is delayed with reduced yield y 1 (compare red dotted line with the red thick one). In same analogy, there is production of φ 2 from DM-DM conversion, which should result in a visible upward shift of φ 2 relic density. However, this is not visible. The reason for not being able to spot the shift is actually due to the log scaling of the figure along y axis. The change of y in the upper direction is much steeper and hence changes in the yield even upto an order of magnitude due to DM-DM conversion for large and non-zero λ 3 is not clearly distinguishable for φ 2 . This is true for all the graphs in Fig. 12 . In order to highlight the importance of DM-DM interaction in the freeze-out of DM components we draw Fig. 13 , where on the left hand side, we choose λ 3 = 0. Here, due to smaller λ 1 = 0.01, φ 1 has an early freeze out and larger density. On the right hand side, we take large contact term λ 3 = 1.0. With larger DM conversion φ 1 φ 1 → φ 2 φ 2 , the effective annihilation cross-section for φ 1 is larger and yields a smaller DM density. Such examples play a crucial role in multipartite DM with DM-DM interactions. 
One can note here that in order for such a situation to arise, we have to have the lighter DM component freeze-out earlier, so that the heavier one can annihilate to the lighter component through DM-DM interaction and reaches a modified equilibrium. But for the lighter component to freeze out early, we need much smaller DM-SM coupling compared to the heavier one as has been shown in Fig. 14. This is a generic feature associated to interacting multicomponent DM frameworks as also have been pointed out earlier in scalar-fermion two component DM set up in [45] . It is obvious that all the features of DM freeze out that have been discussed above with m φ 1 > m φ 2 , can also be extended for the case of m φ 2 > m φ 1 . We will discuss now the outcome of the parameter space scan of this model that yields correct relic density. We scan essentially five dimensional parameter space of Z 2 × Z 2 model as follows {10 GeV < m φ 1 , m φ 2 < 1000 GeV, 0.005 < λ 1 , λ 2 < 1.5, 0.1 < λ 3 < 3} . Note here that the specific values of the masses in the above limit do not convey anything special; excepting for covering a large range of DM masses allowed by relic density including the Higgs resonance region where annihilations of DM are mediated by Higgs portal coupling. We choose both possible mass hierarchies in uncorrelated way. We have confined ourselves to positive couplings only within a broad range to be compatible with vacuum stability. We solve the coupled BEQ for Z 2 × Z 2 model in Mathematica (see Eq. 3.14) and then identify the allowed region of correct relic abundance satisfying WMAP [6] 
The first scan of the allowed parameter space is presented in terms of m φ 1 − λ 1 plane in top left panel of Fig. 15 . Three different cases have been indicated in the scan: the case without any DM-DM interaction is indicated by red dots, the case with interaction, but assuming λ 3 = 0 is indicated by green dots and the case with λ 3 = 0 is indicated through blue dots. The image can be compared with a similar parameter space scan allowed by by relic density in the single component framework and the one with two components but protected by a O(2) symmetry as shown in the bottom right panel of Fig. 15 . We see that a significantly larger parameter space is available to the two-component set up under Z 2 × Z 2 compared to the single component or the two component case with O(2) symmetry. We also see that the case without interaction (red dots) and the ones with λ 3 = 0 (green dots) yield identical allowed space in m φ 1 − λ 1 plane. Such a phenomena is observed because the interaction between DM components in absence of λ 3 occurs via λ 1 , λ 2 which also controls their respective annihilations to SM. Hence if one or the other or both of λ 1 , λ 2 is increased for large DM interaction, the annihilation to SM also gets significantly enhanced beyond the relic density limit. Hence, in absence of λ 3 , the DM interaction is automatically controlled by the annihilation processes and that is why no new region of parameter space opens up within the relic density allowed region of parameter space. However, the situation alters in presence of λ 3 , which indeed can expedite DM-DM interaction and alter relic density contribution of one without affecting the annihilations to SM for the other. Hence, we achieve points below λ 1 < 0.1, allowed by relic density (which otherwise is not available with no DM-DM interaction or with λ 3 = 0) as shown by the blue points in the top left panel of Fig. 15 . The smaller values of λ 1 gets allowed for this case albeit small annihilations of φ 1 to SM because φ 1 φ 1 → φ 2 φ 2 interaction supplements it in presence of non-zero λ 3 , yielding φ 1 relic density within the desirable range. In order to understand what happens to φ 2 in such a situation with λ 1 < 0.1, we see the corresponding m φ 2 − λ 2 scan of these points and observe that they lie in moderate to large λ 2 region: ∼ {0. A very similar situation arises when we recast the scan in m φ 2 − λ 2 plane as shown in Fig. 16 . We once again point out that a clear distinction of points with non-zero λ 3 appearing below λ 2 < 0.1 for m φ 2 ∼ {300, 1000} GeV, where the DM content is primarily dominated by the second (φ 2 ) component.
In Fig. 17 , the m φ 1 − λ 1 parameter space allowed by relic density constraint is shown in terms of different ranges of λ 2 (left) and m φ 2 (right) for λ 3 = 0 case. In the left panel different ranges of λ 2 are chosen as follows: {0.05 − 0.1} (Green), {0.1 − 0.5} (Blue), {0.5 − 1} (Grey), {1.0−2.0} (Red). Here we note that while the small λ 2 (< 0.5) (Blue and Green dots) span the most of the m φ 1 − λ 1 parameter space, larger values of λ 2 (> 0.5) tend to populate similar to the single component case. This can be understood as follows: due to very large annihilation cross-section with large λ 2 , φ 2 barely contributes to relic density and it approximates to a single component case with φ 1 . In the right hand side of the Fig. 17 different mass ranges of the second component (m φ 2 ) is indicated as {10 − 200} (Green), {200 − 400} (Blue), {400 − 600} (Grey), {600 − 1000} (Red), all in GeV. However, this doesn't show a necessary distinction amongst different φ 2 mass ranges with all ranges couplings (λ 2 ) included in the scan indicating m φ 2 is insensitive to m φ 1 − λ 1 scan unless we choose a specific range of λ 2 .
Another possible representation of relic density allowed parameter space of the two component DM in Z 2 ×Z 2 framework is λ 1 −λ 2 plane as has been shown in Fig. 18 . Essentially this plane yields an L-shaped figure with the allowed region extending to as large possible value of the coupling as one wishes (upto perturbative limit). This is attributed to the presence of second DM component that the individual coupling of one DM with SM can be as large as possible while keeping the other in the correct ball park. In Fig. 18 , we show three different regions: the ones indicated through red dots are those where φ 2 constitutes 90% or more of the DM and understandably lives on the axis with larger λ 1 ; the ones in green dots show the region where φ 1 constitutes 90% or more of the DM and extends along λ 2 ; the ones with blue dots show the region where both of the components contribute in a similar way to relic density of the universe. When λ 1 is large, corresponding annihilation of the φ 1 component is large enough to have a tiny contribution to relic density and vice versa. On the other had, when 40% < Ω 1 Ω T < 60%, there is a limit to which λ 1 − λ 2 can be large or small as seen in the blue dots accumulating in a small region at the corner of allowed λ 1 −λ 2 plane. The thickness of each leg is essentially determined by the width of the DM relic density (Ωh 2 : 0.09-0.12). It is also worthy of mentioning that large values of both λ 1 & λ 2 are strongly disfavoured by direct search bounds as we will discuss later. The two cases of having no DM-DM interaction (top left panel of Fig. 18 ) or with interaction (top right panel of Fig. 18 ) makes no visible difference unless one looks carefully into the smaller coupling regions. This is what has been displayed in the bottom panel of Fig. 18 , with λ 1 , λ 2 < 0.5. The cases of having DM-DM interaction is shown in blue while the red points do not have any interactions between the DM components. It is clear that the blue points tend to acquire smaller values than the red ones, showing that with DM-DM interaction (with λ 3 = 0), the two component DM models essentially gets allowed to smaller coupling strength marking a significant difference with the models without DM-DM interactions.
Approximate Analytic Solution for Coupled
In this section, we will evaluate approximate analytical solution for the coupled BEQ in Z 2 × Z 2 framework and try to validate with the numerical solution obtained in previous section. Approximate analytical solutions help using them without actually solving the coupled differential equations numerically for such a model in general. In order to obtain analytical solution we will assume m φ 1 > m φ 2 . The case for m φ 2 > m φ 1 will be similar of course. BEQs for m φ 1 > m φ 2 reads:
where we rewrite the cross-sections for notational simplicity as: σv 11→SM ≡ σ 1 , σv 22→SM ≡ σ 2 and σv 11→22 ≡ σ 12 . Let us consider the difference between the actual yield from the equilibrium for φ 1 as ∆ 1 = y 1 − y EQ 1 and for φ 2 as ∆ 2 = y 2 − y EQ 2 which helps parametrising the freeze out of the DM components. In terms of ∆ 1,2 [36] , the BEQs become :
Solving above set of coupled differential equations (Eq. 5.2) analytically is difficult. Hence, we would like to recast the equations to the nearest possible approximation, where solving two of these equations separately is viable. The term that can be neglected here is σ 12 (
However, when σ 12 σ 1,2 this approximation will fail. Generically, a moderate λ 3 will justify our approximation. With such approximations, the BEQ turns into
At smaller values of x, i.e. before freeze-out of the DM components x < x i f (i = 1, 2), the number density follows the equilibrium distribution very closely :
Now, when we approach freeze-out, at x ∼ x i f , one can parametrise the difference in the yield to scale the equilibrium distribution by some factor c i as
. Using this, one can easily find the freeze-out of the first component as [36] 
, one finds approximately the freeze out of φ 1
Similarly,
We note here that the reduced freeze-out x i f evaluated from the coupled BEQ has to be rescaled to the individual ones as follows:
where T if is the freeze-out temperature of i th (i = 1, 2) DM component. In the limit of m φ 1 >> m φ 2 :
µ → 1, the freeze-out of the second component reduces to 9) which exactly mimics the single component case [36] . Before proceeding further, let us study the dependence of freeze-out temperature of φ 1 (T 1f ) on DM mass m φ 1 as is shown in Fig. 19 as obtained from approximate analytical solutions of BEQ as in Eq. 5.6,5.7 and Eq. 5.8. Two cases have been compared here: single component case, in absence of φ 2 (red) and two-component case with DM-DM interaction (blue dotted) for the following choices of parameters {λ 1 , λ 2 , λ 3 , m φ 2 } = {0.1, 0.1, 0.0, 40} (top left), and {0.1, 0.1, 1.0, 40} (top right). It is clear from the figure that presence of λ 3 = 1.0 in the top right panel, shows a different freeze-out curve for the first component compared to the case when there is no other DM. This is simply because the presence of DM interaction enhances the effective annihilation cross-section and leads to early decoupling of the φ 1 DM. Freeze out for the single component case with different choice of coupling λ 1 = {0.01, 0.1, 1.0} is shown in red blue and green respectively at the bottom left panel of Fig. 19 (T f in the left and x f on the right bottom panel). Again, the larger is the coupling, the larger is annihilation cross-section and the earlier the DM freezes-out. Also, it is easy to appreciate that with larger DM mass the freeze out also gets delayed with smaller annihilation crosssections. The resonance drop is also clearly visible in all the plots. Note that in Fig. 19 , there are some discontinuities in the plots arising from singularities in plotting Eq. 5.9 in Mathematica and contains no physics at all.
After finding the freeze-out conditions of the DMs, the next goal is to find the respective relic densities. For that, we need to consider the epoch at x x i f . For x x i f : y EQ i → 0 and evidently ∆ i → y i . Then BEQs read
Integrating the equations, we get
We can evaluate the derivative of y EQ 1 with respect to x using the equilibrium distribution :
Now, ∆ 1 (x 1f ) can be found easily by using Eq. 5.4, Eq. 5.8 and Eq. 5.12 as follows:
So that we finally obtain the yield at a large x → ∞ as
14)
The approximate solution thus obtained for φ 1 is then compared to the numerical solution obtained using Mathematica and is shown in Fig. 20 . For approximate solution we choose two different values of the proportionality constant c 1 (c 1 + 1) → 2 (green dashed line), 10 (blue dashed line) and numerical solution is shown in red and what we see is a good agreement which shows the robustness of the solution obtained here. However, solving the equation for second DM component φ 2 is more tricky. In this case first DM component freeze-out before; so that x 1f < x 2f . Hence, here we can consider ∆ 1 (x) → ∆ 1 (x 1f ) as the region x where we seek the freeze out of the second component lies beyond the freeze-out of the first component. BEQ for φ 2 in such a case is
Integrating above equation we get where a =
and σ 2 σ 12 : the terms a = σ 12 σ 2 ∆ 1 (x 1f ) 1. For this limit Eq. 5.16 becomes
(5.17)
Which exactly mimics the single component solution justifiably. It is good to remind the readers that the relic density of DM components in terms of the modified yield obtained using approximation solution can be written as:
The approximate analytical solution for the second component (Ω 2 h 2 ) is compared with the numerical solution obtained using Mathematica and is shown in Fig. 21 . In the left panel we show the comparison for two component case, while on the right panel, we show the limit in which it behaves like a single component DM.
Scattering of scalar singlet DM with the detector nuclei originates from the Higgs-portal interaction. The quark level interaction in our model occurs via t channel diagram through Higgs exchange as shown in Fig. 22 . Two interaction vertices are 
The matrix element of DM-quark elastic scattering in the limit of zero momentum transfer is (Q → 0)
One can convert the quark level interaction ⇒ neucleon level interaction as
where
Ts )] ; (6.4) where nucleon n stands for both proton and neutron. For proton : f [48] . Hence, spin independent cross section of DM-Neucleon scattering reads [11] : where µ n = mnm φ i mn+m φ i . For Two component DM case, the DM-nucleon cross-section has to be even further modified by the fraction of the particular component present in the universe as [25] :
It is of great importance to see how much of relic density allowed DM parameter space of Z 2 ×Z 2 model is allowed by the spin independent direct search constraints by XENON2012 [27, 28] , and updated LUX data [29, 30] . This is what is presented in Fig. 23 . The scattered points show DM-nucleon spin-independent cross-section (σ SI n ) multiplied by effective scaling
(as in Eq. 6.6) as a function of DM mass for relic density allowed points. The case for φ 1 is shown in left while for φ 2 is in the right side of Fig. 23 . The cases for no DM-DM interaction (Blue), DM-DM interaction with λ 3 = 0 (Red) and DM-DM interaction with λ 3 = 0 (Grey) are separately shown. One can clearly see that the blue dots are placed below the LUX line but a significant part of them is discarded by the updated LUX data indicating that the model without DM-DM interaction is discarded in the low mass region excepting for the Higgs resonance m φ 1 ∼ m h /2. Although there are blue points allowed above ∼ 600 GeVs, we will show that they are not simultaneously present for both φ 1 and φ 2 . On the contrary, there are several points in red and grey which yields much smaller DM-nucleon cross-section that are placed below the updated LUX data and can be even delayed upto XENON1T. Hence, the multipartite model may live longer in presence of DM-DM interaction. This feature of multipartite DM models seems very interesting and hasn't been pointed out in analysis recent past. The reason for obtaining small DM-nucleon cross-section in presence of DM-DM interactions can be understood as follows: DM conversion helps heavier component to acquire small relic density (through larger annihilations due to DM conversion) without enhancing the coupling to SM (λ 1 or λ 2 ); thus yielding DM-nucleon cross-section smaller than what one can achieve without having DM-DM interactions. What about the lighter component then ? It is easy to appreciate that it has to possess a larger density to account for correct abundance and hence requires smaller annihilation cross-section. In presence of DM-DM interaction, lighter component is also produced by the heavier ones requiring the annihilations of the lighter component to SM even smaller; hence, smaller becomes DM-SM coupling and direct search cross-section. Effective DM-nucleon cross-section can also get smaller by reducing the factor
. However, if one ratio is small, the other one must be large or close to one, which may not justify to keep both components on board. In Fig. 23 , there is no correlation between the points in left and right. Here, we have plotted all the points allowed by relic density in both figures not bothering about one particular point in one picture correspond to what in the other. This is what we do systematically in the following scans. It is also very important to note the status of the single component framework of the scalar singlet DM and the two-component framework of O(2) model as shown in the bottom panel of Fig. 23 . We see that for the single component case, the DM is ruled out to approximately 500 GeV while for the two component DM in O(2) case, m DM ≥ 890 GeV, excepting for the resonance region.
A correlated scan with λ 3 = 0 is shown in Fig. 24 . We plot relic density allowed points that satisfy LUX 2016 bounds for both φ 1 and φ 2 . It turns out that now there are points even below XENON1T. This indicates that discovery of at least one component can get delayed even beyond XENON1T. The reason for such a phenomena to occur is easy to appreciate. In presence of λ 3 , the DM abundance is within limit without having a large λ 1 , λ 2 even without compromising for one component to make up the whole relic density, thus having the effective DM-nucleon cross-section reduced for both the cases. The outcome also means, that the model yields a possibility of detecting one component in near future, while the other might be delayed beyond XENON1T. It is also important to note here that there are no points where both φ 1 and φ 2 direct search cross-section goes beyond XENON1T indicating that if nothing is seen till the sensitivity of XENON1T, the two component framework with Z 2 × Z 2 is most likely discarded. In the bottom panel of equally, direct search cross-sections for each component reduces to half of what it would be for single component scenario, (ii) in presence of large DM-DM interactions (preferably with large λ 3 ), some of the small coupling regions of single component DM framework which would have yielded larger relic density, yields right relic density and comes under direct search limit. However, the main flexibility in two component set up allows a larger region of DM-SM couplings (λ 1 , λ 2 ) spanning from a much lower to a higher value. Secondly, the two scenarios of DM-DM interactions with λ 3 = 0 and λ 3 = 0 distinguishes themselves at small values of λ 1 , λ 2 as has already been discussed. The resonance region is anyway allowed in all versions of scalar singlet DM frameworks, which we have omitted in this figure for the sake of comparison.
Finally some benchmark points have been mentioned for Z 2 × Z 2 model in Tab. 1 (BP1-BP6) where all the input parameters, individual relic densities and spin independent direct search effective cross-sections are mentioned. We choose examples of one component dominating over the other as well as the cases where they contribute equally to relic density. Here, BP2 is an example where single component limit could be evaded due to almost equal presence of both the components, reducing the direct search cross-section by a factor of half in each case. Another interesting example where single component limit was evaded is Benchmark Points BP6. Here large λ 3 produces φ 1 φ 1 → φ 2 φ 2 significantly balancing the number density of φ 2 through annihilation. In absence of DM-DM interactions, the combination {m φ 2 , λ 2 } = {370 GeV, 0.1} would have ended yielding larger relic density (Ω 2 > 0.12) and wouldn't be considered as a valid point due to over closure, although allowed by direct search. However, there is an important caveat to what we have discussed above in context of direct search of non-degenerate multicomponent DM model. Direct search of DM depends on the nuclear recoil of the detector. The rate of nuclear recoil is very less sensitive to DM mass above ∼400 GeV (as the allowed parameter space suggests here). For example, a DM of 400 GeV and 700 GeV yield similar rate so that they can hardly be distinguished. The effective recoil is then a sum of both the components interacting with the detector. In that circumstances, one needs to add the individual direct search effective cross-sections to evaluate the limit on the available parameter space of the model. Here, we assume that DMs with mass difference of ≤ 300 GeV are indistinguishable. This is a simplified choice, the detailed analysis lies beyond the scope of the draft. Then, we choose the set of parameter space {λ 1 , λ 2 , λ 3 , m φ 1 , m φ 2 } which obeys relic density constraint for |∆m = m φ 1 −m φ 2 | ≤ 300 GeV. We then add the individual direct search effective rates together to find the limit on
This follows from a simple derivation. The recoil rate in direct search [49] is given by:
where n t = N A with N is Avogadro number and A is atomic mass of the target; rest of the variables are self explanatory. Then for the two component case:
We plot σ SI T it with respect to m φ 1 in the left panel of Fig. 26 to evaluate the direct search allowed region of parameter space. Blue points depict interacting scenario with λ 3 = 0, while the green points depict the case of λ 3 = 0. On the right panel of Fig. 26 , we show the same in m φ 1 − λ 1 plane. What we see that still with non-zero DM-DM interactions, one achieves a larger region of allowed parameter space than the single component set up assuming that a large mass gap of the DMs is insensitive to the detector, while the case for λ 3 = 0 actually behaves like a degenerate two component scenario (O 2 ) for obvious reasons. The lower DM mass limit evaluated before is now shifted slightly to a higher value, so that points like BP2 may already be ruled out by LUX constraint.
Higgs Invisible Decay Constraint in Two-Component set up
If DM masses are smaller than the Higgs mass as m φ i < m h /2, then Higgs can decay to two DMs through the same vertex h → φ i φ i and will yield invisible decay width. There is a strong constraint on such a process, which in turn puts a constraint on DM-Higgs coupling for m DM < m h /2.
The decay width of Higgs to one DM component (φ) is given by [11, 50] :
For the two component DM scenario in Z 2 × Z 2 model, the total width will be
From recent analysis at Large Hadron Collider (LHC), constraint on the invisible branching fraction of Higgs has become tighter Br(h → inv) ≤ 0.35 [50, 51] . Higgs decay width on Clearly the constraints on individual DM-SM coupling is tighter in two component framework than the single component one. The constraint in Z 2 × Z 2 model is presented in Fig. 27 in the plane of m φ 1 − λ 1 for specific choices of λ 2 = 0.01 (left), 0.015 (right) and m φ 2 = 20, 50 GeV and for m φ 2 > 62.5 GeV. For m φ 2 = 20 GeV, only the green region is allowed. For m φ 2 = 50 GeV the lilac and green both are allowed indicating that the constraint is slightly loose on λ 1 . For m φ 2 > 62.5 GeV, it effectively boils down to a single component scenario and all the regions below the curve is allowed. With larger λ 2 , the constraints on λ 1 is tighter as is clear from the RHS of Fig. 27 . Another possible representation of the invisible decay width constraint on Z 2 × Z 2 model will be in λ 1 − λ 2 plane for different combinations of m φ 1 , m φ 2 as shown in Fig. 28 . Here, we have chosen three different combinations of DM masses {m φ 1 , m φ 2 } = {50, 50} (Green and below), {20, 50} (Yellow and below), {50, 20} (Grey and below) showing that smaller the DM mass is, tighter is the corresponding coupling.
To summarise, invisible Higgs decay constraint is tighter on multipartite DM models than the single component one as the invisible Higgs decay width to individual components get narrower if the DM component have masses m φ i < m h /2. Such constraints are very important to take into account when we look into the Higgs resonance region and below (m φ i ≤ m h /2). What we conclude is that the invisible decay of Higgs rules out a viable scalar singlet DM for (m φ i < m h /2), as there is a clash between the constraints from invisible decay 
Conclusions
We have analysed the two-component scalar singlet DM scenarios coupled to SM with Higgs portal coupling, in particular with Z 2 × Z 2 symmetry in the light of relic density and direct search constraints. We point out that DM-DM interaction plays a crucial role and yields a much larger region of parameter space from relic density and direct detection constraints. We also demonstrate the effect of DM-DM interaction in the freeze out of DM components and in particular how it alters the DM density from the non-interacting or single component scenario. A generic feature of interacting multicomponent DM framework turns out to be reducing the required DM-SM coupling compared to the non-interacting or single component cases, as has been demonstrated for a two component scenario. With more than two DM components, the changes in the available parameter space will be in regions where the DM components contribute equally. However, the lowest DM-SM coupling for one DM component that can be achieved is determined by two component framework itself.
On the other hand, direct search bound from updated LUX data constraints single component scalar singlet DM scenario upto DM mass ∼ 500 GeV and the two component case with O(2) symmetry upto ∼ 890 GeV excepting for Higgs resonance region. It is through multipartite models such as Z 2 × Z 2 , scalar singlet DM can still survive in a large parameter space. The presence of non-zero DM-DM interaction coupling λ 3 can delay the direct detection of one component upto XENON1T while the other (lighter component) is expected to be unravelled soon. DM masses larger than ∼ 400 GeV seems to be allowed in Z 2 ×Z 2 case even if we assume that direct search is insensitive to a large mass gap (say, ∼ 300 GeV) between the DM components, so that the effective direct search cross-sections will be added for both the components. Other mechanisms of hiding DM from direct search bound includes co-annihilation, semi-annihilation etc., which we will elaborate elsewhere. Here, we also discuss approximate analytical solution for the Z 2 × Z 2 case which closely agree to the numerical solutions in the moderate DM-DM interaction regions.
We propose a few benchmark points allowed by relic density and direct search for discovery potential at LHC. It is indeed important to study constraints coming from nonobservation of missing energy signatures of such DM models at the LHC. The common notion is that the limits from collider are still weaker than the one from direct search, particularly for Higgs portal interactions. However one needs to carefully study the multicomponent framework in context of LHC and see if any new feature or correlation emerges. Such a study lies beyond the scope of this report, and will be taken in a systematic manner in future publication(s). Indirect search also plays a crucial role constraining the dark matter models, but again less constraining to multicomponent frameworks [23] .
It is important at the end to ask whether it is possible to unravel a multicomponent DM scenario in future experiments and how. We argue that the very existence of a scalar singlet DM in future detection may hint towards a multipartite framework to satisfy relic density and direct search constraints. Given the knowledge of one DM mass and coupling with SM, one can loosely predict the other DM mass and coupling to account for correct relic density and direct search limits. We plan to elaborate more in this direction from the point of view of signatures at the collider.
